Focused ion beam lithography and a two-step anodization have been combined to fabricate a vertical fan-out platform containing an array of unique probes. Each probe comprises three anodic alumina nanochannels with a fan-out arrangement. The lithography is used to pattern an aluminum sheet with a custom-designed array of triangular 'cells' whose apexes are composed of nanoholes. The nanoholes grow into straight nanochannels under proper voltage in the first-step anodization. The second step uses a doubled voltage to induce lateral repulsion among the nanochannels' growth fronts originating in the same cell. Therefore, the fronts fan out. The repulsion roots in the inter-front distance being shorter than the naturally favoured length, which increases with anodization voltage. The fan-out evolution continues until the growth fronts originating in all the cells evolve into a close-packed two-dimensional hexagonal lattice whose spacing is identical to the favoured one. The chemical and physical mechanisms behind the fan-out fabrication are discussed. This novel fan-out platform facilitates probing and handling of many signals from different areas on a sample's surface and is therefore promising for applications in detection and manipulation at the nanoscale level.
Introduction
Porous anodic alumina oxide (AAO) films are popular templates for fabricating nanocomposites because their self-aligned nanochannels can self-organize laterally into a two-dimensional (2D) hexagonal close-packed (hcp) array (called 'self-organized nanochannels' hereafter) under specific electro-chemical conditions [1] [2] [3] [4] [5] [6] [7] . Furthermore, the domain size of such nanochannels can be greatly increased by lithographically patterning the Al surface with an ideally ordered hcp lattice of nanoholes prior to the anodization, and allowing the holes to guide the growth of the nanochannels to form, ideally, a long-range ordered array (called 'guided nanochannels' hereafter) [8] [9] [10] [11] [12] [13] . The combination of these advantages with its low fabrication cost means that AAO possesses great potential in various nanotechnology fields [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
One of the most unique features of AAO is its straight self-aligned nanochannels that can be filled with different materials and used for different purposes. Many arrays with straight nanowires of different materials have been grown using AAO films as templates [3, 4] . To further expand the potential applications of AAO, it would be advantageous to be able to bend its nanochannels and tune the inter-pore spacing. This ability would allow fabrication of an array of nanochannels with different inter-pore spacings on its top and bottom surfaces, which could be employed to create a vertical fan-out platform for mapping certain information from a small area at one end of the nanochannels onto a larger area at the other end with a one-to-one correspondence. For example, a connecting mechanism is required for a nano-transistor to connect with other devices in order for the source, drain and gate to work; such a one-on-three structure can be fabricated using a three-terminal fan-out architecture. Moreover, arrays with such frameworks allow handling of numerous signals simultaneously, and benefit the building of integrated circuits containing many elements.
Planar fan-out probes have been widely used to investigate the characteristics of nanomaterials, such as the electrical properties of nanorods [26] . Such two-dimensional (2D) measurements, however, can be disturbed by unwanted noise stemming from the probe touching a region other than the sensed one. A non-planar fan-out geometry is a solution to overcome this drawback. It is, however, technically challenging to achieve such a fan-out structure in AAO, particularly in a large domain, due to physical limitations on the growth of nanochannels. In this work, we demonstrate that an ordered array of vertical fan-out structures can be successfully fabricated on AAO and study the mechanism of bending the nanochannels, which is the key to success.
Experimental procedure
High-purity (99.99%) annealed Al sheets were electropolished in a mixture of 50% HClO 4 and C 2 H 5 OH (volume ratio of 1:5) at 5 • C. The polished surfaces were patterned with nanoholes using a Ga focused ion beam (FIB) with a diameter of 10 nm and current of 1.76 pA to bombard each of their centre positions for 6 ms. The nanoholes had an arrangement similar to that of the blue points in figure 1(a) . Prior to the patterning, the surfaces were cleaned with a uniform FIB irradiation at a dose of 1.4 × 10 15 ions cm −2 . The patterned samples were then anodized in a two-step process using 0.3 M oxalic acid as an electrolyte and a temperature of 3 • C. The anodization voltage and time for the first step were 30 V and 2 min, respectively, while those for the second step were 60 V and 2 min. After the anodization, the alumina/Al interfaces were observed by removing either the alumina or the Al. To remove the former, the oxide was dissolved in a mixed solution of 3% CrO 3 and 85% H 3 PO 4 (volume ratio of 15:1) at 70 • C for 70 min. For the latter, the Al was etched with a mixture of 2% CuCl 2 and 18.75% HCl (volume ratio of 1:1); the etched samples could be further dipped in 6% H 3 PO 4 to remove the inevitable compact oxide, named the barrier layer, covering the bottoms of the nanochannels and thus expose their pores. The morphologies and characteristics of the samples were monitored by scanning electron microscopy (SEM), transmission electron microscopy (TEM) and energy dispersive spectrometry (EDS). 
Results and discussion
Figure 1(a) schematically represents the conceptual scheme to fabricate a vertical array of fan-out probes. An Al surface is artificially patterned by an FIB to create an array of equilateral triangular cells consisting of nanoholes at their apexes (blue points in figure 1(a)) to fix the initial positions of the nanochannels. With their fixed centres, laterally expanding each cell twice would transform the nanohole array into a 2D hcp lattice, as shown by the red points in figure 1(a) . Such an expansion in the inter-pore distance is achieved by a two-step anodization process exploiting a special property of AAO that both the inter-distance and the diameter of the nanochannels are linearly proportional to the anodization voltage. The first step uses a proper anodization voltage to grow straight nanochannels, employing the nanoholes as initial guiding points. The second step uses a doubled voltage to induce a larger repulsion among the three nanochannels in each cell [27, 28] ; as a result their growth directions become oblique while the pore diameter and inter-pore distance increase accordingly. In other words, the three nanochannels originating in any cell form a vertical fan-out geometry, as shown schematically in figure 1(b) . The expansion continues until all the growth fronts of the entire array evolve into a 2D hcp lattice with an ideal long-range order (red points in figure 1(a) ), which eliminates the repulsive imbalance among the nanochannels. The order is sustained in the latter growth process because the inter-pore distance is favoured by the AAO formed at this anodization voltage. Thus the nanochannels grow straight again. Figure 1(c) schematically represents the three-dimensional (3D) inner-sidewall structure of the curved nanochannels with a vertical fan-out geometry composed of straight, oblique and straight segments. Note that this unique fan-out geometry can only be created when the growth of self-organized nanochannels, which inevitably occurs during the anodization process, insignificantly affects the development of the fan-out structure. (Figures S1 and S2 in the supplementary data available at stacks.iop.org/ Nano/24/055306/mmedia provide direct evidence to show the suppression of such self-organized nanochannels by the faster growing guided ones.) Figures 2(a) and (b) show, respectively, SEM images of the top and bottom surfaces of the fan-out probes comprising anodic alumina nanochannels. Each probe is composed of three nanochannels with a fan-out geometry. The inter-pore distances between two neighbouring nanochannels at the top and bottom are 68 nm and 136 nm, respectively. Figure 2 (c) shows a cross-sectional TEM image of the guided nanochannels (the white or light-grey tube-like features shown in figure 2(c) ) fanning out with a diameter expansion from 35 to 55 nm. Every nanochannel is divided into three segments: top-straight (length 170 nm), middle-bent (length 290 nm) and bottom-straight (length 910 nm). The results clearly demonstrate the successful fabrication of an array of vertical fan-out probes, each of which comprises three anodic alumina nanochannels. ( Figure S3 in the supplementary data available at stacks.iop.org/Nano/24/055306/mmedia provides more detail and analysis of the nanochannels.)
To better understand the 3D concept of the probe array, figures 2(a) and (b) were used to construct figure 3(a) and demonstrate the 3D structure of a vertical probe array. Every probe contains three nanochannels and therefore provides great potential for tri-terminal-based nano-applications, such as transistors, which are tri-terminal because they need to manage common treatment of signal input, output and modulation [29, 30] . The non-planar tri-terminal fan-out platform can also be employed to investigate the properties of materials, as it can simultaneously explore these properties from different areas on a specimen's surface. For example, figure 3(b) displays schematically a possible architecture to inspect the electrical character of an analyte. The sample is put on the top side of a probe array whose nanochannels are filled with a carrier medium, such as gold. Each probe functions as a tri-terminal electrical detector, and the bottom ends of the carrier medium are connected to devices for the signal input, output and modulation. The large bottom ends facilitate the connection while the small top ends benefit the spatial resolution of the detection. Furthermore, the array of probes can be used to simultaneously investigate characteristics from many areas of the sample. Such an unconventional fan-out geometry also has potential applications including injecting drugs [31, 32] onto the surface of a bacterium and sensing its response [33] at the same time.
The ability to grow arrays of fan-out probes of large size in AAO would definitely benefit applications to large specimens. Therefore, we aimed to fabricate such an array with ordered structure, as shown in figure 4(a), which displays a large area of the corresponding alumina/Al interface after removing the oxide. The interface contains long-range ordered hexagonal concaves, which are directly under the fabricated nanochannels with one-to-one correspondence and thus imply great regularity in the probe array. It was found that the inter-hole distance is critical for achieving such an ordered fan-out structure in AAO. The regularity degrades if the patterned inter-hole distance deviates from 68 nm. Figures 4(b) and (c) display interface images for inter-distances of 64 and 72 nm, respectively. The defects and distortion shown in the images lead to the reduced regularities in both cases. These results indicate that a 4 nm deviation is sufficient to change the channel's structure, and hence the ordering is sensitive to the size of the patterned triangles.
To further understand the degree of ordering (regularity), as well as the growth mechanism behind the arrays shown in figure 4 , the amplitude distributions from the correlative images' 2D discrete Fourier transformations (DFTs) are shown in the insets to figures 4(a)-(c). The six intensity peaks (dark dots) in the inset to figure 4(a) are a result of the ordered hcp arrangement of the corresponding nanochannels. In addition to the peaks, the other two insets in figures 4(b) and (c) show grey rings, an indication of a reduction in order. Note that the hexagonal ring in the inset to figure 4(b) is different in shape from the circular one in the inset to figure 4(c) . On the basis of a systematic study (figure S4 in the supplementary data available at stacks.iop.org/Nano/ 24/055306/mmedia), the hexagon gradually changes into the circle by increasing the inter-nanohole distance of the patterned triangular cells, and a transition length of 68 nm leads to the best order. In other words, the best order occurs when the FIB-patterned equilateral triangular cells have an edge length of 68 nm. The shape difference indicates that the defects or distortion in a nanochannel array are directional for inter-distances <68 nm while they are isotropic for those >68 nm. The qualitative difference could be explained by a shorter inter-distance causing higher inter-channel repulsion, which provides a directional preference to the creation, annihilation and movement of nanochannels. These preferred actions, causing disorder, likely relate to the arrangement of the nanochannels and thus result in the hexagonal ring in figure 4(b) . The directionality gradually decreases and transfers to a random pattern with increasing inter-distance. The randomness leads to a circular ring in the DFT, similar to a self-organized condition of AAO, as shown in figure S4 (f) in the supplementary data (available at stacks.iop.org/Nano/ 24/055306/mmedia). The competition between the directional and random actions dominates the ring shape in the amplitude distribution of a DFT. The normalized intensity parameter, which is the average intensity of the six peaks divided by the background of the corresponding ring in the DFT (the insets in figure 4) , was used to quantify the ordering variation in this work. The background was obtained as follows: the peaks separated the rings into six sections, whose middle intensities were averaged as the background. Such a well-defined parameter correlates with the experimental results properly. Figure 5(a) shows normalized intensities as a function of inter-nanohole distances. An inter-distance of 68 nm leads to the best order, and the corresponding normalized intensity is at maximum.
The more the inter-distance deviates from this length, the lower the intensity and thus the poorer the order.
The critical length of 68 nm resulting in the greatest order was unexpected and intriguing, because the average inter-distance of self-organized nanochannels in AAO divided by their forming anodization voltage usually follows an empirical value of 2.5 nm V −1 [8] . Such an empirical relation fits reasonably well in the case of fabricating ideally ordered hcp lattices of straight nanochannels [11] . If the same relation applied, the first-step anodization voltage of 30 V should lead to an inter-distance of 75 nm, 10% longer than the current result. Such an interesting finding can be explained by the mechanism of fan-out growth in AAO, as proposed by the model schematically shown in figure 5(b) . The cases of fan-out growth guided by long and short inter-distance are somewhat different ( figure 5(b) ). The nanochannels from any triangular cell push each other away at the beginning of fan-out growth. The push forces the evolving growth fronts into a similar but gradually enlarged triangular structure. However, background fluctuation can disturb the front movements (the left part of figure 5(b) ) and thus induce disorder. A shrinking inter-distance benefits maintenance of the expected routes since it provides a greater repulsion between the guided nanochannels (the right part of figure 5(b) ). Straight nanochannels, however, develop more stably because their hcp arrangement strengthens the resistance to background disturbance. It is thus reasonable that the best inter-distance for fan-out growth (68 nm) is less than the value of 75 nm predicted according to the empirical relation adopted by straight nanochannel growth in AAO.
Conclusions
By combining FIB lithography and a two-step anodization, we have successfully fabricated a large and ordered array of vertical fan-out probes, each of which comprises three alumina nanochannels with a fan-out geometry. The growth mechanism and critical parameter for fabricating such a large fan-out array in AAO were identified. Such a vertical fan-out platform opens up new possibilities for applications of AAO templates, since many signals from different areas of a surface could be handled simultaneously by using such a construction.
